Introduction-We have recently described a technique for assessing myocardial perfusion using adenosine-mediated stress imaging (CTP) with dual source computed tomography. SPECT myocardial perfusion imaging (SPECT-MPI) is a widely utilized and extensively validated method for assessing myocardial perfusion. The aim of this study was to determine the level of agreement between CTP and SPECT-MPI at rest and under stress on a per-segment, per-vessel, and per-patient basis.
INTRODUCTION
Single photon emission computed tomography myocardial perfusion imaging (SPECT-MPI) is a widely utilized and extensively validated method for assessing myocardial perfusion. A significant body of data demonstrates the high diagnostic accuracy of MPI for the detection of myocardial ischemia and scar, and the determination of myocardial viability, as well as the prognostic value of MPI in predicting long-term cardiovascular outcomes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Rest myocardial computed tomography (CT) perfusion imaging has demonstrated good correlation with resting perfusion magnetic resonance imaging and histopathology for the detection of perfusion abnormalities in both human and animal studies. [12] [13] [14] [15] [16] These results suggest that iodinated CT contrast medium has similar pharmacokinetics to gadolinium MRI contrast agents and demonstrates rapid early enhancement in healthy myocardium, relatively slow enhancement in ischemic territories, and markedly delayed washout in infarcted territories. 17 These differential kinetics suggested the possibility of discriminating normal from abnormal myocardium, as well as differentiation of scar from ischemic myocardium.
Emerging animal and human data demonstrate good correlation of stress myocardial CT perfusion imaging with measurements of myocardial blood flow as defined by radionuclide microspheres and good diagnostic accuracy for the detection of obstructive coronary artery disease by comparison with invasive angiography. [18] [19] [20] [21] Our group has recently described a novel technique for assessing myocardial perfusion in humans using adenosine-mediated stress imaging (CTP) with dual source computed tomography (DSCT) that offers submillimeter spatial resolution and tomographic datasets. 22, 23 However, comparison of a physiologic test with an anatomic gold standard is not ideal. The angiographic percent luminal narrowing of a stenosis does not always determine its hemodynamic significance. Furthermore, the physiologic effects of the number, shape, length, and location of coronary lesions can impact the hemodynamic significance of disease. Finally, patients with syndrome X or microvascular disease may have ischemia in the absence of angiographic abnormalities.
Thus, the aim of this study was to determine the level of agreement for presence and extent of perfusion abnormalities at stress and rest between CTP and MPI on a per-segment, per-vessel, and per-patient basis.
METHODS

Patient Population
Eligible participants for the study included 955 consecutive patients in our institution with age ≥ 40 years who underwent a nuclear stress test. Two populations were screened for eligibility: (1) all patients scheduled to undergo clinically indicated invasive angiography who have had a prior nuclear MPI within the previous 3 months; and (2) all patients who underwent nuclear MPI and were found to have high-risk features (i.e., high likelihood to be referred for invasive angiography). Exclusion criteria included renal insufficiency, unstable clinical status, asthma, critical aortic stenosis, and known allergy to iodinated contrast medium. Figure 1 demonstrates patient enrollment. The study was approved by our institutional review board and all subjects provided informed consent.
Image Acquisition
Comprehensive CT protocol-Patients were instructed to avoid caffeine products for a period of 24 h prior to the scan. Patients were not instructed to take or withhold any medications prior to the scan, and no beta blockers were given prior to or during the scan. Upon arrival to the CT suite, two IVs were placed (18 gauge for delivery of contrast and 20 gauge for infusion of adenosine) in the left and right antecubital veins. Adenosine was the only medication administered during the CT protocol.
CT acquisitions were performed on a dual-source 64-slice machine (Siemens Medical Systems: Definition, Forchheim, Germany) with a gantry rotation time of 330 ms. A flying focus along the z-axis (Z-sharp technology) and two 32-row detectors were used to acquire 64 overlapping . 6 mm slices with a resulting temporal resolution of 83 ms.
The comprehensive CT protocol, including stress and rest acquisitions, is shown in Figure 2 . First, scout images were obtained. Contrast timing was then determined using a test bolus of 10-15 mL of contrast. Flow rate for the test bolus and for image acquisition was 4-5 mL/s and was followed by a 20 cc flush of saline. Accordingly, for all scans, image acquisition timing was determined by adding 2-4 s to the time of peak opacification in the ascending aorta to account for the time necessary to perfuse the myocardium.
Adenosine infusion was then initiated at 140 mcg/kg/minutes. Three minutes later, a retrospectively ECG-gated scan with tube current modulation and pitch adaptation was obtained. Tube voltage (kV) and current (mA·s) were selected based on the body habitus of the patient. A tube voltage of 120 kV was used for most patients, while 100 kV was used for those with body mass index of ≤30.
Average contrast dose ([iopamidol] Bracco Diagnostics: Isovue 370, Milan, Italy) for the stress acquisition was 65 cc delivered at a rate of 4-5 mL/s followed by a 20 cc saline flush. Patient symptoms, heart rate, blood pressure, and EKG were monitored by a cardiologist throughout the acquisition.
Immediately following the stress CT, adenosine infusion was discontinued. After an approximately 5 minutes interval to allow for resolution of symptoms and return of heart rate to baseline, resting CT images were acquired. To reduce contrast dose, a second timing bolus was not administered. Instead, the same delay that was used for stress acquisition was also used for rest acquisition. To reduce radiation exposure, rest CT utilized prospective triggering (Siemens: Sequential Scanning) at 65% of the RR interval. An infusion of 65-70 cc of iopamidol was administered at 4-5 mL/s followed by a 20 cc saline flush.
Contrast volumes for the rest and stress acquisitions were calculated according to both the patient's BMI and the scan length duration. Therefore, the average contrast dose for rest scans was higher than the average contrast dose for stress scans (66.3 cc vs. 67.3 cc) because acquisition in prospectively triggered mode occurred on every other heartbeat resulting in a longer scan length duration.
Nuclear stress testing-All nuclear SPECT imaging were performed according to standard institutional clinical protocols. Among the 47 study participants, 13 (28%) underwent adenosine SPECT while the remaining 34 (72%) had exercise SPECT. Among the 34 exercise stress tests, the average exercise time was 7 minutes and 10 seconds and the average workload achieved was 7.8 METS. The average percent of maximal predicted heart rate achieved (% MPHR) was 85.2%. Sixteen patients (4 of whom had ≤85% MPHR) developed chest pain during the exam.
An adequate stress test was defined as either (1) achieving >85% of maximal predicted heart rate (MPHR), (2) any test utilizing adenosine, or (3) developing chest pain during exercise testing. Out of 47 stress tests, 38 (80%) were considered adequate. None of the patients who failed to achieve an adequate test had significant ECG changes during exercise.
Patients were injected with 10 mCi of Tc-99m sestamibi at rest and SPECT images were acquired with a dual-detector gamma camera, with 64 projections, each for 20 seconds, in a noncircular 180° orbit. In addition, an exercise or pharmacological stress test (IV adenosine infusion at 140 mcg/kg/minute for 5 minute) was performed, followed by an intravenous injection of 30 mCi of Tc-99m sestamibi. After 30-60 minutes, gated SPECT images were obtained.
Image Processing and Interpretation
SPECT-MPI-All SPECT-MPI images were analyzed by two experienced CBNC board certified independent readers (L.S., W.M.) and any areas of discrepancy were then resolved by a third experienced senior reader (H.G.). Using the 17 segment model recommended by ACC/AHA/ASNC, 24 semi-quantitative visual assessment of myocardial perfusion was performed using a 4-point scoring system (0 = normal; 1 = mild reduction of radioisotope uptake; 2 = moderate reduction of radioisotope uptake; 3 = severe reduction of radioisotope uptake). Rest and stress images were assessed. For each vascular territory summed rest and summed stress scores were calculated (SRS and SSS) by adding the corresponding scores, rest, and stress. For each patient, SRS and SSS were calculated by adding the corresponding scores for 17 segments, rest, and stress. Per-patient summed scores were then subdivided into three categories of perfusion abnormality: mild (0-3), moderate (4) (5) (6) (7) (8) (9) (10) (11) (12) , and severe (≥13).
For each pair of stress and rest datasets, each of the 17 segments was scored for reversibility of perfusion abnormality as followed: 0 = no reversibility; 1 = minimal reversibility; 2 = partial reversibility; and 3 = complete reversibility.
CT perfusion-Prior to evaluation of perfusion, raw data were used to reconstruct stress and rest datasets at 65% of the RR interval using an extra smooth filter (Siemens B10) with slice thickness of .7 mm and overlap of .4 mm.
To ensure appropriate and consistent co-registration of all images, internal fiducial markers (e.g., mitral annular ring, left ventricular apex, pulmonary vasculature) and spatial localization coordinates available in the software (Circulation, Siemens Medical Systems, Germany) were used to co-register the stress and rest images.
For each dataset, a double oblique technique was used to create true short axis, 10 mm thick multiplanar reformats (MPR) images. Thicker slices were chosen as the increased voxel size results in decreased image noise and improve contrast resolution for visualization of normal and ischemic and infarcted myocardium.
For assessment of CT perfusion analysis, the standard ACC/AHA 17 segment model used for interpretation of SPECT was used. Semi-quantitative per segment analysis was performed by simultaneous visualization of short axis images obtained from stress and rest acquisitions. Narrow window and level setting were used (typically W200, L100) although the reading physician was allowed to adjust these display settings as needed.
After initial evaluation of thick MPR short axis images, readers were then allowed to examine multiphase cine data from the stress CT scan (available in 2 chamber, 4 chamber, and short axis views). Subsequently, global and regional wall motion abnormalities were noted. In addition any areas of questionable perfusion defects were examined in both systolic and diastolic phases in order to differentiate potential artifacts (e.g., defect only present on one phase) from true perfusion defects (e.g., defect present on multiple phases and can be seen during both systole and diastole) and potentially associated to an area of regional wall motion abnormality.
All CT stress and rest images were independently analyzed by two experienced readers (R.B., R.C.C.) who were blinded to all patient and clinical data, including CT coronary angiographic findings. A joint consensus reading session was then performed to resolve any discrepancies and consensus was achieved in all cases.
For stress and rest images, each of the 17 segments was scored based on the absence or presence and severity of a perfusion defect. Perfusion defect severity was scored on a 0 (normal) to 3 (abnormal) scale. Summed rest and stress scores were calculated for each vascular territory and each patient by adding the corresponding segmental scores. To allow comparison of our data with recent data on the noninferiority of regadenoson stress SPECT to adenosine stress SPECT, 25 we further divided summed rest and stress scores into three categories of perfusion abnormality: mild (0-3), moderate (4) (5) (6) (7) (8) (9) (10) (11) (12) , and severe (≥13).
For each pair of stress and rest datasets, each of the 17 segments was scored for reversibility of perfusion abnormality as followed: 0 = no reversibility; 1 = minimal reversibility; 2 = partial reversibility; and 3 = complete reversibility. Summed reversibility scores were calculated for each vascular territory and each patient by adding the corresponding segmental scores.
Radiation Dose
Effective radiation dose for each component of the DSCT examination (stress and rest) was calculated by multiplying the dose-length product (DLP) provided by scan console by a constant (k = .017 mSv/mGy/cm). In order to estimate radiation dose for SPECT-MPI, total megabecquerel was converted to millisievert (mSv).
Statistical Analysis
Data analysis was performed using SPSS version 17 (SPSS Inc., Chicago, IL). All continuous variables were expressed as mean ± standard deviation while categorical variables were expressed as percentage. Correlations among continuous summed stress and rest scores were assessed using Pearson's correlation analysis. Correlations among nonsummed segmental scores were assessed using the Goodman-Kruskall gamma statistic. A P-value <.05 was considered statistically significant. Table 1 summarizes baseline patient characteristics. Among the 47 study participants, the average age was 62.4 ± 10.2 years, 80.9% were male, 23.4% had diabetes 87.2% had hypertension, and 87.2% had dyslipidemia. The prevalence of obesity was 41.2% and the average BMI was 31.0 ± 5.6 kg/m 2 . The prevalence of prior angina, myocardial infarction, and revascularization was 57.4%, 36.2% and 38.3%, respectively. Implantable cardioverter defibrillator (ICD) was the only cardiac device represented in the patient population. Two patients (4.3%) had an ICD.
RESULTS
Patient Population
Comprehensive CT Protocol
Adenosine stress CT was completed for all 47 patients within 26.9 ± 23.1 days after SPECT imaging. For one patient, the rest scan was not performed due to persisting angina following the adenosine DSCT stress exam. Table 2 displays the scan parameters of each portion of the CT protocol. With the use of adenosine, the average heart rate increased from 66 ± 11 beats per minute at rest to 77 ± 13 beats per minute at stress while the average heart rate variability (defined as maximum heart rate minus minimum heart rate during acquisition) decreased from 18 to 16 beats per minute.
The average radiation exposure for the complete DSCT protocol was 12.3 ± 4.3 mSv and was nonsignificantly less than SPECT (12.4 ± 1.9 mSv; P = .11) (Figure 3 ).
CT stress perfusion defects were identified for 34 out of 47 patients (72%), 67 out of 141 vascular territories (48%), and 184 out of 799 myocardial segments (23%). Out of the 67 vascular territories with abnormal CT stress perfusion for which CT rest images were obtained, 14 (21%) were fixed, 19 (28%) were fully reversible, and 31 (46%) were partially reversible. The average SSS was 7.0, and the average SRS was 3.0.
SPECT-MPI Findings
On SPECT-MPI, 35 of the 47 patients (74%), 53 of the 141 vascular territories (38%), and 156 of the 799 myocardial segments (20%) had perfusion abnormalities during stress. Out of 53 vascular territories with abnormal SPECT-MPI, 11 (21%) were fixed, 24 (45%) were fully reversible, and 18 (34%) were partially reversible. The average SSS was 5.1 and the average SRS was 2.4.
Direct Comparison of CTP and MPI
On a per-segment basis (n = 799 for stress and n = 782 for rest), CTP and MPI demonstrated an excellent correlation: Goodman-Kruskall γ = .59 (P < .0001) for stress and .75 (P < .0001) for rest. On a per-vessel basis (n = 141 for stress and n = 138 for rest), CTP and MPI summed scores demonstrated a good correlation: Pearson r = .56 (P < .0001) for stress and .66 (P < . 0001) for rest. On a per-patient basis (n = 47 for stress and n = 46 for rest), CTP and MPI demonstrated a good correlation: Pearson r = .60 (P < .0001) for stress and .76 (P < .0001) for rest. Figure 4 shows an example of good qualitative correlation between the two modalities.
Agreement between CTP and MPI to determine the severity of perfusion abnormalities using three categories based on summed scores was 76% for stress and 88% for rest on a per vessel basis and 57% for stress and 78% for rest on a per patient basis ( Figure 5 ).
DISCUSSION
In this direct comparison of two modalities of stress and rest MPI in patients, we demonstrated an excellent correlation between CTP and SPECT for the detection of perfusion abnormalities and for the assessment of defect severity on a per-segment, per-vessel, and per-patient basis.
Myocardial perfusion imaging with 201-Tl and 99m-Tc MIBI during exercise or pharmacologic stress enables the noninvasive detection of perfusion defects and can provide indirect assessment of coronary anatomy with a high degree of sensitivity and specificity. [4] [5] [6] [7] Furthermore, nuclear testing provides valuable prognostic information about patients with known or suspected CAD and predicts functional recovery following coronary revascularization. [8] [9] [10] Finally, nuclear imaging has proven useful in determining which patients are most likely to benefit from coronary revascularization. 11 At the same time, SPECT is limited by a spatial resolution of approximately 10 mm, artifacts arising from gastric activity, breast attenuation, and diaphragmatic attenuation, and susceptibility to "false negative" studies in cases of balanced ischemia (triple-vessel disease). 26 Furthermore, SPECT is limited to the visualization of perfusion without direct information about coronary anatomy.
Contrast-enhanced gradient echo cardiac MRI represents an alternative modality for assessing rest and pharmacologically induced stress myocardial perfusion and has demonstrated excellent diagnostic accuracy for the detection of hemodynamically significant coronary artery disease. 27, 28 However, stress cardiac MRI studies take significantly longer than the CTP protocol utilized in this study, and stress cardiac MRI is not widely clinically available. Further, patients with implantable cardioverter-defibrillators or other ferromagnetic implanted devices, or who have a history of claustrophobia, may be contraindicated for cardiac MRI.
A number of recent studies have demonstrated the similarities between the myocardial pharmacokinetic similarities between gadolinium MRI contrast agents and iodinated CT contrast agents. [12] [13] [14] [15] [16] [17] Compared with normal myocardium, ischemic myocardium demonstrates relatively slow iodinated contrast enhancement while fibrotic tissue in territories of prior infarcts demonstrates delayed enhancement with markedly delayed wash-in and wash-out.
We have recently described a novel protocol for evaluating adenosine-mediated stress myocardial perfusion using DSCT. 22, 23 In an initial experience, we demonstrated CTP to be feasible with good image quality. Furthermore, CTP demonstrated a good diagnostic accuracy for the detection of obstructive coronary artery disease using ≥50% luminal narrowing at quantitative invasive angiography as the reference standard. Specifically, CTP demonstrated a sensitivity of 79% and a specificity of 80% versus invasive angiography. The total dose of iodinated contrast for CTP varied with scan length duration and patient BMI, and ranged from 140 to 165 cc, which is significantly higher than the dose associated with clinical coronary CT angiography or invasive coronary angiography.
Historically, invasive angiography is commonly utilized as the reference standard for evaluating the diagnostic accuracy of perfusion imaging modalities for the detection of flowlimiting CAD. [1] [2] [3] 6, 29 However, comparison of a physiologic test to an anatomic reference standard is not ideal. Patients with microvascular disease (syndrome X) may have perfusion deficits but angiographically normal coronary arteries. 30 Furthermore, the angiographically determined percent luminal narrowing does not always correspond to the physiologic significance of the disease. Furthermore, the physiologic effects of the number in series, shape, length, and location of coronary lesions can impact the hemodynamic significance of disease.
The current study directly compares CTP and SPECT on a per-segment, per-vessel, and perpatient basis. A total of 799 segments were compared. Since both tests are physiologic in nature and both modalities provide tomographic datasets, we were able to perform a segment-tosegment comparison that would not have been possible using invasive angiography as a reference standard. This head-to-head approach has been previously used in the validation of 99m-Tc-Sestabmibi, 99m-Tc-Tetrofosmin as myocardial perfusion agents. 4, 31, 32 The level of concordance between the two modalities is both technically and clinically interesting since CTP offers a superior sub-millimeter spatial resolution and the ability to simultaneously visualize coronary artery anatomy and myocardial perfusion in a single examination.
In addition, CTP utilizes the two independent x-ray sources of a dual-source scanner with a resulting temporal resolution for stress acquisitions of 83 ms. Beta blockers were not administered prior to or during the scan and adenosine caused in increase in average heart rate from 66 ± 12 to 77 ± 13 beats per minute. However, the superior temporal resolution provided adequate image quality at heart rates as high as 80-90 beats per minute. Still, it should be acknowledged that patients with high resting heart rates and marked increases in heart rate during adenosine administration pose a potential challenge for CTP image quality.
The segment-to-segment analysis provided the most direct comparison of CTP and SPECT. We observed an excellent correlation with a Goodman and Kruskall gamma value of .59 (P < .0001) for stress and .75 (P < .0001) for rest.
Differences in spatial resolution and occasional difference in cardiac phase between the two modalities likely resulted in segmental misregistration in isolated cases, thus decreasing the goodness of correlation. Furthermore, it should be noted that CTP is subject to a number of unique artifacts, including beam hardening, which results from attenuation of x-rays by highly dense structures like the vertebral body or descending aorta, affecting particularly the basal infero-lateral wall. Finally, it remains unclear what the optimal parameters are for CTP analysis, including window width and level, cardiac phase, slice thickness, and reconstruction algorithm.
We summed the segmental scores in order to perform per-vessel and per-patient analyses. On a per-vessel basis, CTP and MPI summed scores demonstrated a good correlation: Pearson r = .56 (P < .0001) for stress and .66 (P < .0001) for rest. On a per-patient basis, CTP and MPI demonstrated a good correlation: Pearson r = .60 (P = .008) for stress and .76 (P < .0001) for rest.
Recent studies comparing SPECT with adenosine-mediated stress versus A 2A -specific regadenoson-mediated stress serve to put our correlation values into an appropriate perspective. 25, 33 Iskandrian and co-workers assessed the strength of agreement between both sequential adenosine images and sequential adenosine-regadenoson images. Using the standard 17 segment model, 24 these authors graded each myocardial segment for the presence or absence of a reversible perfusion defect across sequential studies. They then classified each patient according to three ischemic categories based on the number of segmental reversible defects: 0-1, 2-4, or ≥5 defects. Averaging across these categories without weighting for the number of data points in each, sequential adenosine-adenosine scans showed a rate of agreement of 64% and sequential adenosine-regadenoson scans showed a rate of agreement of 63%. Thus, even using the same imaging modality, imaging agent, and vasodilator, there still is some lack of reproducibility.
In a similar fashion, we further analyzed our summed stress and rest scores in terms of three ischemic categories on a per-vessel and per-patient basis: mild (0-3), moderate (4) (5) (6) (7) (8) (9) (10) (11) (12) , and severe (≥13). Averaging across the three categories and weighting for the number of data points in each, we observed a rate of agreement of 76% between CTP and SPECT stress images, and a rate of agreement of 88% between CTP and SPECT rest images on a per-vessel basis. On a per-patient basis, we observed a rate of agreement of 57% between CTP and SPECT stress images, and a rate of agreement of 78% between CTP and SPECT rest images.
Study Limitations
This study was a single-center, single-vendor trial and the results should be further validated by multicenter and multivendor trials. Second, not all of the patients enrolled in our study achieved adequate stress during their SPECT examinations, which could lead to an underestimation of the presence and extent of perfusion defects. Third, while we were able to mitigate verification bias by including patients irrespective of whether they underwent invasive angiography, we did not study any truly normal patients as a control group. On the other hand, the study group did represent the typical population referred for noninvasive testing. Fourth, although good image quality was achieved in the two patients in this study with an ICD, beam hardening due to cardiac device leads should be noted as a potential source of poor CTP image quality. Fifth, although the 83 ms temporal resolution of the dual-source scanner utilized by the CTP protocol enabled good image quality at heart rates as high as 80-90 beats per minute, patients with high resting heart rates and marked increases in heart rate during adenosine infusion pose an additional potential challenge for CTP image quality, particularly if these patients are not on chronic beta blockade. Sixth, the total dose of contrast medium for CTP was 140-165 cc, which is significantly greater than the dye load associated with clinical coronary CT angiography or invasive coronary angiography. Finally, our patient population was predominantly Caucasian and predominantly male. It will be important to validate our results across genders and ethnicities.
CONCLUSIONS
SPECT is the mostly widely utilized technique for assessing myocardial perfusion. The current study validates the ability of CTP to assess myocardial perfusion at rest and during adenosine, when compared directly to SPECT. Thus, with a single study and with no increase in radiation, one can assess myocardial perfusion and coronary anatomy simultaneously.
We conclude that adenosine-mediated stress MPI with DSCT compares well with nuclear stress testing in a direct correlation of segments, vascular territories, and patients, and is feasible with a radiation dose that is not significantly different from SPECT. Larger multicenter trials will need to be performed to confirm the results of this initial study. Patient recruitment. Out of 957 patients meeting inclusion criteria, 491 were excluded and 419 refused to participate. Forty-seven patients completed the CT stress perfusion scan. ACS Acute coronary syndrome, CABG coronary artery bypass grafting surgery. Stress Myocardial CT Perfusion Protocol. See "Methods" section for further detail. Heart rate (bpm) 65.9 ± 11.9
* Family history, diabetes, and dyslipidemia classified per documentation in cardiologist note BMI Body mass index
